Polybrominated diphenyl ethers (PBDEs) have been used as flame retardants in various building materials, plastic and other polymers, airplanes, electronics, etc. All or some of their congeners have been already banned in many countries, due to their persistency and adverse health effects. In this study, we are focusing on e-wastes as a source of emission of PBDEs in ambient air during reclamation processes. The ambient air particulate matter (PM) samples were collected at and near an e-waste reclamation site in Bangkok, Thailand. Results showed the presence of various homologues, viz: tri-, tetra-, penta-, hexa-, and hepta-PBDEs in both PM2.5 and total suspended particle (TSP) samples. The comparison of samples as a function of distance from the reclamation site indicated elevated levels of PBDEs in close proximity to the e-waste site. Interestingly, a shift in the congener pattern was observed with lower brominated PBDEs being more prevalent in nearby off-site samples as compared to the PM collected at the e-waste site. The total penta-PBDEs concentration is almost double in the e-waste site PM2.5 compared to the control site samples. For TSP, tetra, penta, and hepta-PBDEs congeners are at higher concentrations at the e-waste sites and its vicinity compared to reference sites. Overall, a clear trend can be observed indicating a debromination of PBDEs to more toxic tri and tetra congeners during the reclamation process and PBDEs are being translocated from treated materials to ambient air PM. BDE 30 is uniquely detected in our studies as a dominant final debromination product, that can be used as a marker of thermal e-waste activity. This work indicates potential hazards related to the reclamation of e-wastes and remediation of sites containing PBDEs. In particular, thermal treatment methods can lead to congener transformation and increased emissions of more toxic lower brominated congeners.
Introduction
Polybrominated diphenyl ethers (PBDEs) are synthetic compounds having flame-retardant properties and applied in various products starting in the early 1970s [1, 2] to meet fire resistance codes such as California Technical Bulletin 117 [3] . They can be found in many household materials like plastics and polymers (mainly polyurethane foam), electric and electronic devices (circuit boards, electrical insulation), rubber, and textiles as well as in many other fields. Over time, it has been proven that PBDEs partition from the consumer products matrix to air and water. Due to their environmental persistency and toxicity, tetra-to deca-PBDEs are listed on the ANEX A of Stockholm convention [4] .
PBDEs' long lifetime in the environment results in an ubiquitous presence in almost any environmental media such 1 3 as sediment, [5] water, [6] in house dust and clothes dryer lint, [7] and through bioaccumulation and biomagnification in various food products [8] [9] [10] [11] [12] They have also been detected in human specimens such as breast milk, [12] [13] [14] [15] and in human blood [15, 16] .
As of 2001, PBDEs' global market was dominated by decabromo congener (83%), with penta and octa brominated congeners occupying 11.1% and 5.6% of the market, respectively [17] . Since 2004, production of penta-and octaPBDEs ceased in the U.S. and was banned in Europe. Since 2006, many states have prohibited the use of penta-and octaPBDEs. According to the 2012 EPA report, five sites were still manufacturing or importing decabromodiphenyl ether to the United States (over 18 million pounds in 2011) [18] . In 2013, manufacturers agreed to voluntarily cease the production of deca-PBDE and the 2015 production and import amount is estimated by EPA to be ~ 25,000 lb [18] .
PBDEs are lipophilic compounds, that accumulate in fatty tissue, with lower brominated congeners being more bio-accumulative and more soluble in water [19, 20] . Toxicity of PBDEs is also highly dependent on the degree of bromination. Deca-PBDE is reported to be absorbed poorly during ingestion due to the high molecular weight [21] . Furthermore, low brominated PBDEs (< 5 Br) are metabolized slowly compared to the high brominated counterparts resulting in their slow elimination and bioaccumulation leading to chronic interactions and are considered comparatively more toxic [21, 22] . By comparison with polychlorinated biphenyls (structural and mode of action), it was suggested that only those PBDE congeners with no bromine in the ortho position are considered toxic due to the co-planar orientation of the phenyl rings [22] . PBDEs are known to affect the functions of estrogen and androgen [23, 24] , metabolism, and adipogenesis processes [25] . PBDEs have been linked to obesity through a disruptive effect on the endocrine system [25] [26] [27] . Octa-PBDE is reported to be a teratogen, [28] and EPA has classified deca-PBDE congener as a possible carcinogen [29] . Children in particular are at high risk of PBDEs' exposure. PBDEs were found in a notable concentration in infant blood due to prenatal exposure during pregnancy, [30] , ingestion of house hold dust [31, 32] or mouthing of toys [33] .
Though the composition of commercially used mixtures of PBDEs is well known and the presence of PBDEs in the environment has been consistently observed, there is a large discrepancy between the congener pattern in the consumer products and those observed in environmental samples. In spite of fact that the BDE 209 accounts for 75-80% of the world's production of PBDEs, environmental samples are dominated by lower PBDEs (< 6 Br), mainly BDE 47 and 99 [34] [35] [36] . It is suggested that due to the relatively low stability, deca-PBDE, both in the abiotic environment and in biota undergoes debromination resulting in mainly hepta-to nona-PBDEs [37] .
Among the commercial mixture based on the penta-PBDEs (such as for example, DE-71), BDE 99 (2,2′,4,4′,5 pentabromo diphenyl ether) is the dominant congener (~ 44-58%) with BDE 47 (2,2′,4,4′ tetrabromo diphenyl ether) being the major secondary component (~ 24-42%). Though BDE 47 and BDE 99 are indeed observed in an environmental sample, their ratio is reversed (BDE 47: BDE 99 ~ 2:1) compared to the original mixtures [38] . There are a lot of speculations on the reasons for that reversal including varying chemical stabilities and differences in vapor pressure. In particular, difference in the vapor pressure of these two congeners is cited as the main cause of the relative concentration reversal in the environmental samples-BDE 47 has ~ 10 times higher solid air partitioning factor [39] [40] [41] . Models of the emission of PBDEs from the consumer products and other potential sources that include photolytic degradation of PBDEs in air, predict the reversal of the relative concentration of BDE 47 and BDE 99, however underestimates the overall concentration of each congener by the factor of 10 [41] .
One of the major sources of PBDEs is electronic waste (e-waste). The global report had predicted a 33% increase of amount of electronic waste worldwide by 2017 [42] . In 2012, European Union and the USA were the two largest e-waste generators (Fig. 1) . The same report highlights the substantial gap between the production and collection trends of electronics in the USA.
For many years, export of electronic wastes to developing countries has been practiced and this created an entire e-waste recycling industry and potential environmental "ticking bomb". Even now, despite a prohibitive regulation, electronic wastes still find the way to both official and illegal e-waste recycling cites in Southeast Asia and Africa [43] . Primitive and makeshift processes applied during [42] the reclamation of precious and valuable materials from e-wastes result in significant emission of particulates, metals, dioxins, PBDEs, and many other hazardous agents. E-waste reclamation can be a significant source of PBDEs. Location of such facilities within the heavy populated areas creates a potential exposure risk not only for the on-site workers but also for local residents [44, 45] . This manuscript presents the results of studies performed in Bangkok, Thailand, where an informal e-waste reclamation site is located within a heavily populated residential area, with nearby schools, kindergartens and hospitals, raising a significant concern regarding the potential exposure of PBDEs. This site typically utilizes a crude thermal/combustion method to recover metals, and thus the related air and particulate emissions would be associated with thermal transformations of PBDEs and their transport on PM.
Experimental section

Materials
Standards
Isotopically labeled internal standard solution ( 13 C 12 , 99%) (IS Tetra PCB 52 and IS Hexa PCB 138 catalogue no: EO-5275) was purchased from Cambridge Isotope Laboratories, Inc. Method 1614 calibration solution ( 13 C 12 , 99%/ unlabeled, catalogue no: EO-5279-CS3) which is a mixture of PBDEs (tri-BDE 28, tetra-BDE 47, penta-BDE 99, penta-BDE 100, hexa-BDE 153, hexa-BDE 154, hepta-BDE 183, and deca-BDE 208) was also purchased from Cambridge Isotope Laboratories, Inc. Elution of standards and internal standards used during PBDEs analysis is depicted in Fig. 2 .
Solvents
Dichloromethane (DCM) (catalogue no: DX0838-1, EMD Millipore corporation) and n-hexane (catalogue no: BDH24575.400, VWR) solvents were of HPLC grade. Sand and washing soda used in the speed extractor system were prewashed with DCM and dried in an oven at 105 °C for 48 h.
Methodology
Sample collection
Ambient air samples viz: total suspended particle (TSP) and PM2.5 were collected on filters using the portable air samplers with an average sampling volume of 0.75 m 3 from Bangkok, Thailand. The average sampling rate and time were 2000 ml/min and 6 h, respectively. Filters were loaded to the samplers on site. Field blanks were composed of the same filters, however, were placed flat on the sampling sites at 1 m elevation, without mounting into the sampler (passive sampling). Filter blanks were not taken to the site at all, and analyzed for PBDEs directly from the box. The study site was an informal e-waste recycling site located in the border of Chatuchak and Lat Pharao districts, Bangkok. Samples were collected directly at an informal e-waste site and off site at an approximate distance of 60 m towards southeast, 100 m towards west, 200 m towards northwest and 200 m southwest (Fig. 3) .
Reference sites were selected where no e-waste reclamation activity was performed in their vicinity. Reference sites were located in the Don Muang District, Bangkok (urban), and Pak Kret District (peri-urban) at the distance of 11,072 m northeast and 17,590 m northwest, respectively. Sampling locations and sample details are presented in Fig. 3 .
Arc GIS software (version 10.5.1, ESRI (Environmental System Research Institute) was used to map the potential PBDEs exposure zone using a buffer tool. The GPS coordinates of e-waste and reference sampling sites were imported to Thailand base map of Administrative areas from DIVA-GIS program. Using shape file and focusing on e-waste site, the 225 m buffer was created, corresponding to the data obtained in these studies corresponding to observed PBDE concentrations. The details of sampling collection sites are presented in Online Appendix 1. 
Sample processing
Extraction of PBDEs from the filters was done using the Buchi speed extractor (model E-916). Six extraction stainless steel vials were filled up to 90% volume with 1:1 layer of sand and Na 2 SO 4 . PM filters from the air sampler were placed on the sand bed (face down) and covered with additional sand/sodium sulfate layers to fill the vessels and spiked with 12.5 µl of internal standards.
Before each extraction, the Buchi extractor lines were flushed with a solvent for 10-15 min at extraction conditions. Extraction was performed at 150 bar and 80 °C using DCM as the solvent for 40 min. Extracts were collected in collection glass tubes.
A speed evaporator was used to condense the extracts (Buchi model with vacuum pump, V-700). Evaporation was performed at 513 mbar and temperature ramp from RT− 60 °C for 30 min. The final volume of concentrated extract was around 0.5 ml. The remaining volume was transferred to 1 ml vials, evaporated to dryness under nitrogen and reconstituted in 200 μl of nonane.
GC-MS and MS/MS method
A specific method for analyzing PBDEs in ambient air samples was adopted from the EPA Method 1614 (brominated diphenyl ethers in water, soil, sediment, and tissue by HRGC/ HRMS). The detection limit for gas chromatography-mass spectroscopy (GC-MS) analysis was established at 12 pg (which corresponds to 16 pg/m 3 of ambient air samples) with a sample recovery of ~ 90%. GC-MS analysis parameters are specified in Table 1 .
Blank Filter paper was additionally analyzed on Agilent 7000 C Triple Quadrupole GC-MS/MS. A multiple reaction monitoring (MRM) method was developed using a standard solution of the PBDEs. From the analysis, no prior contamination was detected. Details of the analysis are shown in Online Appendix 3.
Results and discussion
The list of detected PBDEs congeners on total suspended particle (TSP) and particulate matter (PM2.5) filter paper samples collected at the informal e-waste site, nearby e-waste site, and two reference sites is presented in Table 2 . Though no PBDEs congeners were detected in the filter blanks, they were detected in the field blanks, particularly those placed at the e-waste site. We believe that this is a result of large quantities of dust particles present on the site, which settled on the sample's surface (passive PM collection). Details of the field blank data are presented in the supplement materials (see Online Appendix 2).
Ambient air samples collected at the e-waste site and nearby (within the buffer zone-see Fig. 3 ), and two reference sites were all found to contain PBDEs with bromination level from tri to hepta. At e-waste site and within a buffer zone, 17 different PBDEs congeners were detected in TSP samples and 10 PBDEs congeners were detected in PM2.5 samples. Their concentrations within tri-hepta congener groups are presented in Fig. 4 . Both TSP and PM2.5 samples collected at the e-waste processing facility contained a much higher concentration of penta-PBDEs than the reference sites one and two. The commercial penta mixture (for example, DE-71) is one of the typical flame-retarding additives in such products and one can anticipate that during reclamation, PBDEs can be released into air and partition into PM. TSP samples contained more penta congeners compared to PM2.5, which indicates that particles larger than 2.5 µm contained significant amounts of PBDEs.
The presence of tetra-PBDEs at the e-waste site was detected only for TSP samples, while PM2.5 samples did not show the presence of tetra congeners. The tetra-PBDE decreased already within the buffer zone, with no detection (below threshold) of tetra congeners for both TSP and PM2.5 samples for nearby sampling sites. Tetra-PBDEs congeners are the second largest component of commercial penta mixtures (> 25%) such as DE-71. We speculate that large fractions of penta-and tetra-PBDEs detected on larger particles (> 2.5 μm) are a result of the direct entrainment of the e-waste material dust produced during the reclamation and represent the content of PBDEs in e-wastes. On the contrary, PM2.5 samples are typically associated with the thermal processes emission and PBDEs on PM2.5 deposit via desorption from e-waste and decomposition/transformation of PBDEs in thermal reclamation.
This hypothesis is supported by the detection of high content of tri-PBDEs in samples surrounding the e-waste site (Fig. 4) . In fact, PM2.5 samples surrounding the e-waste site were dominated by tribrominated congeners, and their concentration increased with distance from the e-waste site, at close proximity. Such spatial profile indicates ongoing transformation (and specifically debromination) of PBDEs during reclamation, entrainment, and transport on PM2.5. TriPBDEs are not a major component of commercial mixtures.
The concentration of hepta-PBDEs congeners was also directly proportional to the increasing distance from the e-waste site, however only for TSP samples thus cannot be attributed to the similar mechanism as tri-PBDEs. Surprisingly, hexa-PBDEs congeners were only detected in a significant amount in the peri-urban sites of Pak Kret district. Furthermore, hepta-PBDEs were also detected in reference urban sites, Don Muang District at levels comparable with nearby e-waste site (around border between Chatuchak and Lat Phrao districts).
Analysis of detected congeners provides additional insight into the transformation of PBDEs during and after reclamation of e-wastes. Surprisingly, PBDEs congeners commonly present in the commercial PBDEs mixture were not detected or were not major contributors. For example, BDE 28 (tri-PBDE), BDE 47 (tetra-PBDE), BDE 99 (penta-PBDE), and BDE 153 (hexa-PBDE) are abundant in the US penta product (DE-71) [17, 46] as well as in the European penta formulation (Bromokal 70-5DE) [17, 46] . However, we did not detect BDE 28 in any of the samples (except in the field blank). We found a higher content of BDE 66, BDE 71, and BDE 79 compared to BDE 47. Likewise, for pentaPBDEs, we found BDE 85, BDE 105, and BDE 119/120 [17, 46] and European octa formulation (Bromokal 79-8DE), [17, 46] , the most dominant congeners are BDE 175/183 (hepta-PBDEs) and BDE 209 (deca-PBDE), respectively. However, we found BDE 190 to be higher in our analysis. Some of the congeners (such as for example BDE 30 and BDE 119) detected in our analysis were specifically reported as not present in air samples contaminated by evaporation of PBDEs from electronics [47] or generally not detected in common media-type samples [5, 6] These observations led to a conclusion that, particularly for PM2.5, observed congeners are a product of decomposition of the original brominated flame retardants (BFRs), with the dominance of the congeners that are more thermodynamically stable. For example, tribromo congeners contribute the least in percentage in most common commercial mixture such as DE-71, Bromokal 70-5DE, DE-79, Bromokal 79-8DE, Saytex 102E, and Bromokal 82-0DE [46] . In spite of that, we observed the highest content of tri-PBDE and, more interestingly, BDE 30 was only tribromo congener present in PM2.5 sample (0.47 ng/m 3 of air) at the e-waste site and surrounding areas (Fig. 5) . Among penta congeners, BDE 119 was the most dominant in the TSP samples at the e-waste site. 
Debromination pattern
The detection of uncommon PBDE congeners typically not reported for different media sampling indicate a debromination pattern during reclamation. We assume that not all of the debromination products are detected, as they are subject to consequential reactions, and only those more stable can be observed. The proposed debromination scheme is presented in Fig. 6 . BDE 30 seems to be a final or stable debromination product of one of the debromination chains. For tetra-PBDEs, BDE 75 and 71 were detected only at the e-waste site or close vicinity similarly as the penta congener BDE 119. We believe that these congeners are associated with a common pathway and can be traced back to the BDE 190 (Fig. 6 ). Other pathways presented in the scheme are also likely occurring, however, due to lower stability of the products are subject to more complete debromination. However, it is BDE 30 that is uniquely detected in our studies as a dominant final debromination product that can be used as a marker of thermal e-waste activity, if detected on ambient air PM samples. homologue from tri-hexa only [50] . Table 3 ).
Environmental impact
Thermal reclamation of e-waste produces a unique pattern of PBDEs congeners, with the prevalence of the most stable, debrominated congeners. Pattern of the release of the PBDEs was identified with the BDE 30 appearing as a clear marker of emissions from such activities. In fact, the ubiquitous presence of this congener in PM2.5 samples up to 250 m from the e-waste site is an indication of exposure hazard to nearby population. Besides, the debromination pattern leads to emission of lower brominated congeners which pose a much higher health risk compared to higher brominated ones. Identification of BDE 30 as a specific marker for e-waste thermal reclamation can improve the tracing of pollution sources and evaluate the epidemiological studies of either workers at such sites or their household members (blood screening for specific metabolites). Additionally, PBDEs emitted during the e-reclamation process may act as a precursor for the formation of PBDD/Fs on PM surface [52] . Thus, it is very likely that the presence of PBDE, in the ambient air PM sample will be accompanied by the PBDD/Fs. Our  study  BDE 17  -----x  BDE 25  -----x  BDE 28  x  x  x  x  --BDE 30  -----x  BDE 32  -----x  BDE 35  -----x  BDE 37  -----x  BDE 47  x  x  x  x  x  x  BDE 49  ---x  -x  BDE 51  -----x  BDE 66  x  x  x  --x  BDE 71  -----x  BDE 75  ---x  -x  BDE 79  -----x  BDE 85  -----x  BDE 99  x  x  x  x  x  x  BDE 100  x  x  x  x  x  x  BDE 105  -----x  BDE 116  -----x  BDE  119/120   -----x   BDE 126  -----x  BDE 128  -----x  BDE  138/166   -----x   BDE 140  -----x  BDE 153  x  x  x  x  x  -BDE 154  x  x  x  x  x  x  BDE 155  -----x  BDE 181  -----x  BDE 183  x  x  x  ---BDE 190  -----x  BDE 191 x x x ---Yellow mark corresponds to the PBDE congener that we did not see in our analysis. Symbols 'x' and '-' indicate presence and absence of the particular PBDE congener
